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Abstract

Hydroamination of alkenes catalyzed by transition-metal complexes is an atom-economical
method for the synthesis of amines, but reactions of unactivated alkenes remain inefficient.
Additions of N-H bonds to such alkenes catalyzed by iridium, gold, and lanthanide catalysts
are known, but they have required a large excess of the alkene. New mechanisms for such
processes involving metals rarely used previously for hydroamination could enable these reactions
to occur with greater efficiency. We report ruthenium-catalyzed intermolecular hydroaminations
of a variety of unactivated terminal alkenes without the need for an excess of alkene and

with 2-aminopyridine as an ammonia surrogate to give the Markovnikov addition product.
Ruthenium complexes have rarely been used for hydroaminations and have not previously
catalyzed such reactions with unactivated alkenes. Identification of the catalyst resting state,
kinetic measurements, deuterium labeling studies, and DFT computations were conducted and,
together, strongly suggest that this process occurs by a new mechanism for hydroamination
occurring by oxidative amination in concert with reduction of the resulting imine.
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INTRODUCTION

Amines and their derivatives are important as both pharmaceuticals and agrochemicals.1—3
Traditional methods to synthesize amines include nucleophilic substitution of organic
halides,* reductive amination of carbonyl compounds,® and reduction of amides, nitriles,
and azides.® The hydroamination of alkenes catalyzed by transition-metal complexes is an
attractive alternative to these methods because it occurs directly with alkenes and could be
applied to the functionalization of both simple alkenes and complex molecules containing
alkene units.”~9 Despite the potential utility of hydroamination, examples of intermolecular
hydroaminations are often limited to conjugated and strained alkenes, such as dienes,10:11
vinylarenes, 1213 norbornenes, 1415 and cyclopropenes.18:17 Hydroaminations of unactivated
alkenes are rare and generally require a large excess of alkene (Scheme 1a).18-26

Two main strategies have been followed to enable hydroamination to occur without an
excess amount of alkene. The first involves catalytic reactions of alkenes possessing a
directing group (Scheme 1b);27:28 the second involves a formal catalytic hydroamination
achieved by combining a silane reducing agent and a nitrogen-based electrophile (Scheme
1c).29:30 These strategies require special alkenes or generate stoichiometric amounts of
waste from the silane and aminating reagents and require synthesis of the aminating reagent.
Thus, the development of a method that involves the direct addition of the N-H bond of an
amine to unactivated alkenes is needed and would address these drawbacks.

Two general classes of mechanisms have been followed by most late, transition-metal
catalysts for the hydroamination of alkenes. The first mechanism involves nucleophilic
attack of a nitrogen nucleophile on a coordinated alkene, followed by protonation of the
resulting amino-alkyl intermediate. The second involves oxidative addition of an N—H bond,
followed by migratory insertion of the alkene into the metal-nitrogen bond and reductive
elimination to form the C—H bond. Cationic rhodium3! and gold?2 systems react by the

first pathway, whereas neutral iridium complexes?® react by the second pathway. Ruthenium
complexes, the subject of this work, catalyze the hydroamination of terminal alkynes32 and
vinylarenes,13 but they have not been shown to catalyze the hydroamination of unconjugated
alkenes. We considered that such complexes and a carefully designed amine could catalyze
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the hydroaminations of alkenes and do so by mechanisms that are distinct from those
followed by complexes of other transition metals.

Multidentate coordination of an amine that is tethered to a Lewis basic group, rather than an
alkene tethered to such a group, can accelerate hydroaminations due to a series of effects.
First, the Lewis basic group can stabilize the intermediates resulting from oxidative addition
of the N-H bond and products from insertion. Second, such an amine can serve as an
ammonia equivalent by removal of the Lewis basic group. Third, an appropriate heteroaryl
substituent can alter the thermodynamics of this nearly thermoneutral process33 to favor
addition by rendering the N-H bond of the ammonia surrogate weaker than the N-H bond of
ammonia.

We report ruthenium-catalyzed Markovnikov hydroaminations of unactivated, terminal
alkenes with 2-aminopyridine as an ammonia surrogate (Scheme 1d). Terminal alkenes
containing a series of functional groups undergo hydroamination in the presence of

this catalyst to afford the corresponding amine products without excess alkene. Detailed
experimental and computational mechanistic studies provide strong evidence that this
reaction occurs by a new pathway for hydroamination that comprises oxidative amination of
the alkene and reduction of the corresponding imine intermediate.

RESULTS AND DISCUSSION

Reaction Development.

Our studies on ruthenium-catalyzed hydroamination of unactivated terminal alkenes began
by examining the reaction between 1-dodecene (1.0 equiv) and 2-aminopyridine 1a (1.0
equiv) in the presence of a variety of electrophilic ruthenium complexes, a class of catalyst
previously reported by our group to catalyze the oxidation of alcohols3* (Table 1). 2-
Aminopyridine was investigated as the amine component because it could coordinate to the
cationic ruthenium complex in a bidentate fashion to form a four-membered ruthenacycle
that would retain reactivity at the Ru-N bond, due to the ring strain.

A survey of a series of phosphine-ligated ruthenium triflimide and triflate complexes showed
that the triethylphosphine-ligated ruthenium complex Ru-1 containing triflimide as the
anionic ligand catalyzes the hydroamination of 1-dodecene to afford the amine product
2ain 67% yield (Table 1, entry 1). Entries 2-6 show the effect of the phosphine ligand.
Ruthenium complexes that contain more sterically demanding phosphine ligands (entry

2) and less electron-rich phosphine ligands (entry 3) catalyzed the reactions to form the
addition product in lower yields. Complexes of ruthenium ligated by trimethylphosphine,
1,2-bis(diethylphosphino)-butane, and a tripodal phosphine ligand, N(CH,PEt,)3, did not
catalyze the hydroamination reaction (entries 4-6). Entries 7 and 8 show the effect of

the anionic ligand. Hydroamination conducted with the PEts-ligated ruthenium complex
containing triflate counteranion (Ru-7) afforded the product in a slightly lower 62% vyield
(entry 7) than that with Ru-1, and the PEts-ligated ruthenium complex containing chlorides
(Ru-8) did not catalyze the hydroamination reaction (entry 8). This hydroamination
proceeded in a variety of polar, noncoordinating solvents, and the reaction in 1,2-DCB
(entry 1) occurred in a higher yield than did reactions in other solvents of this class (entries

JAm Chem Soc. Author manuscript; available in PMC 2021 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 4

9-14). The reaction performed with 2 mol % of Ru-1 instead of 5 mol % gave a lower yield
of product (entry 15).

Hydroaminations of alkenes catalyzed by electrophilic metal complexes, in some cases, have
been suspected to occur by acid generated from the amine and the complex.3° Although

the basicity of the 2-aminopyridine would render such a pathway unlikely, we conducted
control experiments to test this potential. To assess the role of the ruthenium complex in this
reaction, we conducted the reaction in the absence of Ru-1. Without Ru-1, no detectable
product formed, indicating that the ruthenium complex is necessary for this transformation
(entry 16). The hydroamination of 1-dodecene with substoichiometric amounts of strong
acid also did not form detectable amounts of product (entry 17), providing evidence against
a pathway for hydroamination with 2-aminopyridine catalyzed by a Brgnsted acid.

Scope of Terminal Alkenes and 2-Aminopyridines for Catalytic Hydroamination.

Studies on the scope of the ruthenium-catalyzed hydroamination under the developed
conditions are summarized in Table 2. The hydroamination of terminal alkenes with

alkyl and aryl substituents occurred to afford products in good yields (2a—4a). The
hydroamination of a series of alkenes bearing ether, fluoride, amide, and tertiary alcohol
functional groups also formed the hydroamination products in good to moderate yields (5a—
8a). Alkenes containing multiple double bonds underwent hydroamination exclusively at the
terminal alkene (9a—11a). Even the hydroamination of boldenone undecylenate, an anabolic
steroid, occurred, showing the potential of this methodology for late-stage functionalization
of architecturally complex molecules containing potential competing functionality (12a). An
investigation of the scope of 2-aminopyridines for this reaction showed that a variety of
2-aminopyridines containing alkyl, ether, sulfide, and methylpiperazine substituents reacted
to give the hydroamination products (13a—17a).

In addition to unconjugated, terminal alkenes, vinylarenes underwent this hydroamination
reaction (Table 3). Vinylarenes bearing a variety of electron-donating and electron-
withdrawing para-substituents underwent hydroamination to afford products in good

yields (18a—24a). However, higher temperatures were required for the hydroaminations

of electron-deficient vinylarenes catalyzed by Ru-1 (20a, 22-24a). A lower yield was
observed from the reaction of a vinylarene bearing an ortho-substituent (25a), indicating that
the reaction is sensitive to steric hindrance. The hydroamination of vinylnaphthalene and
vinylferrocene also proceeded to afford hydroamination products (27a—28a). The major side
reaction observed during the hydroamination was the isomerization of the terminal alkene to
form internal alkenes, which did not undergo hydroamination under our reaction conditions.
High yields of the amine products 2a, 8a, 12a, 16a, and 28a were obtained for reactions
with just 2 equiv of alkene with respect to the aminopyridine.

Removal of Pyridyl Group from the Hydroamination Product.

The product from the hydroamination reaction was converted to a primary amine by a
two-step sequence (Scheme 2).36-38 Compound 2a was first converted to an amidine, and
the amidine was cleaved by NaBH, to form primary amine 2b. For convenience on the
laboratory scale, the Boc-protected amine 2¢ was isolated instead of the free amine 2b.
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Mechanistic Studies of Alkene Hydroamination.

Because side reactions, such as alkene isomerization, alkene oligomerization, and

oxidative amination, compete with alkene hydroamination,®19:39 |iterature protocols for

the hydroamination of unactivated alkenes require either the use of alkenes containing a
directing group or excess alkene. Our hydroamination protocol represents a rare example

of catalytic hydroamination of unactivated alkenes with a stoichiometric amount of

alkene. Therefore, a detailed investigation of the mechanism of this ruthenium-catalyzed
hydroamination reaction was conducted to provide insight into the features that promote the
hydroamination reaction over other side reactions.

Determination of the Catalyst Resting State.

Our mechanistic investigation began with identifying the catalyst resting state. To obtain
preliminary information about this species, we monitored the reaction of 2-amino-4-
methylpyridine (1b) and 1-dodecene catalyzed by Ru-1 by 3P NMR spectroscopy at 80

°C (spectrum b of Figure 1). Aminopyridine 1b was used for these studies, instead of 1a,
because ruthenium complexes containing 1b were more crystalline than those containing 1a
(vide infra). A broad resonance at 50 ppm, corresponding to the resting state of the catalyst,
was observed in the 31P NMR spectrum of the reaction mixture.

Further information on the identity of the resting state was obtained by allowing Ru-1 to
react with 1-dodecene and 1b separately and monitoring the reaction mixtures by 31P NMR
spectroscopy. Treatment of Ru-1 with excess 1-dodecene led to no new Ru complexes, as
determined by 31P NMR spectroscopy at 80 °C (a and ¢ of Figure 1). However, treatment of
Ru-1 with excess aminopyridine 1b led to the observation of a broad resonance at 50 ppm
in the 3P NMR spectrum of the reaction mixture at 80 °C, and this resonance was identical
to that of the resting state of the Ru catalyst (d of Figure 1). Therefore, the major ruthenium
complex in the reaction system forms from the combination of Ru-1 with one or more equiv
of aminopyridine 1b.

An independent synthesis of the resting state was pursued (Figure 2) because we were
unable to isolate it in pure form directly from the mixture of Ru-1 and excess 1b. Treatment
of Ru-1 with 1 equiv of 1b afforded the aminopyridine-coordinated ruthenium complex 29
in 82% yield after recrystallization (Figure 2a). The 31P NMR spectrum of complex 29
contained a single 31P resonance at 38 ppm, and the structure of 29 was determined by
single-crystal X-ray diffraction. The Ru center in 29 is ligated by three PEt3 ligands, one
O-bound triflimide, and one x2-bound aminopyridine in an octahedral geometry (Figure 2c).
The 3P NMR chemical shift of 38 ppm for complex 29 is distinct from that of the catalyst
resting state (50 ppm).

Thus, we postulated that coordination of 1b to the cationic ruthenium center sufficiently
acidifies the N-H bonds to cause deprotonation of 29 by another equivalent of
aminopyridine. To test this hypothesis, we treated complex 29 with an insoluble base
(K3POy). This reaction led to the isolation of the Ru—amido complex 30 in 85% yield
after recrystallization (Figure 2b). The 31P NMR spectrum of complex 30 consisted of a
single sharp resonance at 51 ppm (e of Figure 1). The solid-state structure of complex 30
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was determined by X-ray diffraction (Figure 2d). This complex adopts a square pyramidal
geometry with an empty coordination site trans to a PEtz ligand.

The hydroamination of 1-dodecene by aminopyridine 1b catalyzed by 5 mol % of the
isolated complex 30 afforded the product 13a in 65% yield in 48 h. This result indicates that
complex 30 is kinetically competent to be an intermediate in this hydroamination reaction.
Furthermore, a broad resonance at 50 ppm, which matched that observed for the catalytic
reaction initiated with Ru-1, was observed in the 31P NMR spectrum of the hydroamination
reaction initiated with complex 30 as catalyst (f of Figure 1).

These data suggest that complex 30 could be the resting state of the catalyst, but the
resonance corresponding to isolated 30 is much sharper and slightly more downfield (0.9
ppm) than that of the major ruthenium complex in the catalytic system. We determined
that this difference in line shape and chemical shift depends on the presence or absence of
an excess of the aminopyridine; the 3IP NMR signal of isolated 30 broadened and shifted
slightly upfield in the presence of 20 equiv of aminopyridine 1b at 80 °C (g of Figure 1).

To investigate the origin of this difference in line shape and chemical shift further, we
conducted variable-temperature NMR spectroscopy with a 20:1 mixture of aminopyridine
1b and complex 30 (Figure 3). At —40 °C, the 31P NMR spectrum of the mixture contained
three triplet resonances. A potential structure for the complex corresponding to the three
triplet resonances is 31a shown at the bottom of Figure 3. This structure contains an
additional 2-aminopyridine occupying the sixth coordination site and a hydrogen bond to
the amido ligand. The hydrogen-bonding interaction in 31a is evidenced by the observation
of a broad downfield proton resonance (14 ppm) in the 1H NMR spectrum of this mixture.
The integration of the three triplet resonances in the 3P NMR spectrum decreased at higher
temperatures, and we were unable to detect the triple resonances when the temperature of
the mixture reached 40 °C, indicating that complex 31a is a minor species in the catalytic
reaction at 80 °C.

The chemical shift of the broad resonance corresponding to the major ruthenium complex

at 80 °C migrated significantly upfield at lower temperature. The origin of this line shape
and change in chemical shift is not clear, but could result from hydrogen bonding between
the amide ligand NH and the aminopyridine without coordination of the pyridine nitrogen

to the metal as we suggest is present in complex 31b. The chemical shift of this resonance
lies further upfield in solutions containing higher concentrations of aminopyridine, implying
that the resonance results from an equilibrium between 30 and an adduct formed between 30
and the aminopyridine that is distinct from complex 31a. At the same time, the similarity in
chemical shift between pure complex 30 and the resonance in the presence of aminopyridine
at the concentration and 80 °C temperature of the reaction implies that the major component
in the catalytic reaction is complex 30.

Kinetic Studies on Catalytic Hydroamination.

Kinetic experiments were conducted to gain further information on the mechanism of the
hydroamination. Kinetic experiments with 1-dodecene as the substrate were complicated by
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the observation of alkene isomerization during the reaction. Therefore, we conducted kinetic
studies with vinylcyclohexane, which did not undergo competing isomerization.

Initial rates of the hydroamination reaction were measured at a series of concentrations of
vinylcyclohexane, aminopyridine 1b, and catalyst Ru-1 (see the Supporting Information for
details). Plots of initial rates against the concentration of the vinylcyclohexane, 1b, and Ru-1
are shown in Figure 4a—c. We found that the hydroamination reaction is first order in the
concentration of vinylcyclohexane, zero order in the concentration of 1b, and first order in
the concentration of Ru-1. The orders in alkene and catalyst imply that these species react

in the turnover-limiting step. The zero-order dependence of the reaction on the concentration
of aminopyridine 1b suggests that the hydroamination does not proceed by turnover-limiting
nucleophilic attack of 1b on the alkene in a Ru complex like 32 (Scheme 3, pathway a).
Instead, the kinetic data are consistent with a migratory insertion of the alkene into the
Ru—N bond of the Ru-alkene complex 32 to generate a Ru—alkyl complex 33 (Scheme 3,
pathway b).

The effect of the concentration of PEt3 on the rate of the catalytic hydroamination was

also studied. Added PEt;z inhibited the reaction, and a plot of 1/initial rate against the
concentration of PEtz was linear (Figure 4d). To account for this observation, we considered
two hypotheses. First, the added PEtz could inhibit the reaction by reversibly coordinating
to complex 30 to generate complex 34 (Scheme 4a). Second, reversible dissociation of PEt
from complex 30 could generate the catalytically active complex 35 (Scheme 4b). To test
these hypotheses, variable-temperature NMR spectroscopy analysis was conducted with a
5:1 mixture of PEtz and complex 30. Full conversion of 30 to complex 34 was observed

by 31P NMR spectroscopy of this mixture at —20 °C (see the Supporting Information for
details). In addition, the association of PEt3 to complex 30 was computed by DFT to be
exergonic by 0.3 kcal/mol at =20 °C, whereas the dissociation of PEtz from complex 30 was
calculated to be endergonic by an energy (31.5 kcal/mol at 80 °C) that exceeds the entire
30.5 kcal/mol barrier for the reaction determined from the experimental rates. Therefore,
we conclude that the origin of the inhibition of the hydroamination by added PEt3 results
from the reversible coordination of PEt3 to complex 30 to form the inactive tetraphosphine
complex 34 (Scheme 4a).

Studies on the Pathway for the Formation of the Product from Ru—Alkyl Complex 33.

To elucidate the pathway by which the product of this hydroamination reaction was formed
from the Ru-alkyl complex 33, the hydroamination of vinylcyclohexane was performed
with 1b-a, under the standard catalytic conditions (Table 4). Deuterium incorporation was
observed at four different positions in the product 17a-a),. The ratios of the percentage of
deuterium incorporation at the H, and Hy, positions were 1:1 at various time points during
the reaction (Table 4), and the accumulation of deuterium into the starting vinylcyclohexane
was not observed.

The results of this labeling study are consistent with the pathway in Scheme 5. By this
pathway, coordination and migratory insertion of the alkene occur to form Ru—alkyl complex
33-dfrom the catalyst resting state 30-d, after which complex 33-dundergoes a subsequent
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B-hydride elimination to generate the ruthenium-hydride species 44 ([Ru-H]) (Figure

5a) and enamine 36-d. The enamine 36-dwould then undergo tautomerization catalyzed
by protonated aminopyridine, which was formed during the generation of the catalyst
resting state 30-4. This tautomerization forms the g-deuterated imine 37-4. Intramolecular
H-D exchange between the Ru-H position and bound aminopyridine in complex 44

would generate a ruthenium—deuteride. Subsequent reduction of imine 37-d'by complex

44 containing a Ru-D bond would generate the final hydroamination product 17a-d),
containing an enhanced level of deuterium at the H, and H positions. Because the
tautomerization step and H/D exchange of the hydride position of complex 44 occur by
reversible proton transfers involving the amino group in 1b, the amounts of deuterium in
the H, and Hy, positions of the product are equal to each other. Furthermore, the observation
of the incorporation of deuterium at the a position of the product 17a-ad), provides evidence
against a nucleophilic attack of 1b on the metal-bound alkene complex, like 32 (Scheme 3,
pathway a), because the coordinative saturation of the complex formed after a nucleophilic
attack of the aminopyridine would disfavor g-hydrogen elimination.

To investigate the pathway for the formation of the hydroamination product further, we
conducted the hydroamination of 1-dodecene with 1b in the presence of 1 equiv of acetone.
2-Dodecanone 38 and the product from reductive amination of acetone 39 were observed,
along with the hydroamination product 13a (Scheme 6). The formation of 38 and 39 implies
that the reaction occurs through an imine intermediate. Dodecyl enamine 40 is generated
by migratory insertion of the alkene into the amidopyridine complex 30 and S-hydride
elimination from metallacycle 33. A subsequent tautomerization of the enamine 40 forms
dodecyl imine 42. Isopropyl imine 41 and water are generated by reversible condensation
of acetone with aminopyridine 1b. The imines 41 and 42 undergo competitive reduction

to yield amines 13a and 39, respectively. The portion of imine 42 that is not reduced is
hydrolyzed to give ketone 38, which is detected by 1H NMR spectroscopy.

To elucidate the identity of the proposed [Ru—H] intermediate that would result from g-H
elimination of the aminoalkyl intermediate, we exposed complex 30 to 1 atm of H, (Figure
5a). Complex 43, which resulted from the overall addition of H, across the Ru—N bond

of complex 30 and coordination of H,, was observed. The structure of this complex was
deduced by the observation of two distinct ruthenium hydride signals in the 1TH NMR
spectrum. The H» ligand in 43 was slowly replaced by N5 in a nitrogen atmosphere to afford
complex 44, which was characterized by single-crystal X-ray diffraction (Figure 5a,b).

Under an atmosphere of Hy, the imine generated in situ from ketone 38 and aminopyridine
1b underwent hydrogenation to form amine 13a catalyzed by the amido complex 30 in 95%
yield (Figure 5c). This result indicates that the hydridoruthenium complex 43 that would
form in situ during the catalytic process from complex 30 and H, catalyzes the reduction of
imines, such as 41 that would be formed in the catalytic process, to generate the final amine
13a.
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DFT Computational Studies of the Proposed Catalytic Cycle for the Ruthenium-Catalyzed
Hydroamination of Terminal Alkenes.

Our mechanistic experiments imply that this Ru-catalyzed hydroamination of terminal
alkenes with 2-aminopyridine occurs by coordination of alkene to the catalyst resting

state 30, followed by migratory insertion of the alkene into the Ru-N bond, g-hydride
elimination to generate an enamine, tautomerization of the enamine to an imine, and
reduction of the imine to afford to amine product. Our kinetic studies indicate that the
alkene and the ruthenium catalyst are involved in the turnover-limiting step. Hydrogenation
of the imine cannot be turnover limiting because this step occurs faster than the overall
hydroamination of the alkene (Figure 5c). To determine whether migratory insertion or
B-hydride elimination following a reversible insertion process is turnover-limiting, DFT
computations were conducted on the oxidative amination portion of the mechanism.

This mechanism was calculated for the hydroamination of propene, as a model alkene,
with aminopyridine 1b. An energy diagram for this process is shown in Figure 6. The
coordination of propene to the catalyst resting state 30 was calculated to be endergonic

at 16.2 kcal/mol. The free-energy barrier to the elementary migratory insertion of propene
into the Ru—N bond was computed to be 12.5 kcal/mol (32 to TS1). These energies lead
to an overall barrier for coordination and insertion of 28.7 kcal/mol. The metallacycle 33
formed from insertion was computed to lie 8.1 kcal/mol uphill of the starting complex and
free propene, and the barrier for g-hydride elimination from complex 33 was computed to
be 11.2 kcal/mol (33 to TS2). Thus, the transition state for the g-hydride elimination lies
19.3 kcal/mol uphill of the starting species and nearly 10 kcal/mol below the transition
state for migratory insertion. The oxidative amination portion of the hydroamination reaction
was calculated to be uphill by 5.9 kcal/mol, and the overall hydroamination was computed
to be exergonic by 3.8 kcal/mol. These calculations strongly suggest that the combination
of coordination of alkene and migratory insertion of the alkene into the Ru-N bond is
irreversible and the turnover-limiting portion of this hydroamination reaction.

The results of our mechanistic investigation are summarized in Figure 7. By this mechanism,
the major component of the catalyst resting state, complex 30, is formed by coordination

of the aminopyridine 1b to the ruthenium precatalyst Ru-1, followed by deprotonation of
the aminopyridine ligand by another molecule of 1b. The first step of the catalytic cycle,
then, involves reversible coordination of the alkene to 30 to form the alkene complex

32. Turnover-limiting migratory insertion of the alkene into the Ru—N bond of 32 then
affords the Ru-alkyl intermediate 33, which undergoes g-hydride elimination to generate
the hydridoruthenium enamine intermediate 45. Subsequent exchange of the enamine

for aminopyridine 1b in intermediate 45 forms the hydridoruthenium aminopyridine
intermediate 46 and free enamine 36. Eliminated enamine 36 undergoes tautomerization

to generate imine 37, which is computed to be more stable thermodynamically than enamine
36 by 3.3 kcal/mol and would be expected to react with amine-ligated ruthenium hydride
complexes by a metal-ligand bifunctional mechanism.#? Thus, reduction of imine 37 by
intermediate 46 affords the final hydroamination product.
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The proposed catalytic cycle is supported by a large body of experimental data. The catalyst
resting state 30 was identified by 31P NMR spectroscopy and an independent synthesis.

The kinetic measurements support a mechanism by which migratory insertion of the alkene
into the Ru—N bond occurs, rather than a potential nucleophilic attack on a coordinated
alkene by the amine. Deuterium labeling experiments indicate that the Ru-alkyl complex

33 undergoes B-hydride elimination, rather than a potential direct protonation by 1b, and
hydroamination reactions conducted with added acetone imply the formation of an imine
intermediate. Independent studies of the reactivity of the ruthenium-hydride complex arising
from B-hydride elimination with the imine resulting from tautomerization of the initially
formed enamine show that the reduction of the imine is much faster than the overall catalytic
cycle. Finally, DFT calculations indicate that the turnover-limiting step of the reaction is
migratory insertion of the alkene into a ruthenium amido complex, rather than g-hydride
elimination from a reversibly formed insertion product.

CONCLUSION

Ruthenium-catalyzed Markovnikov hydroamination of both unactivated and activated
terminal alkenes occurs with 2- aminopyridine as a surrogate for ammonia with a
stoichiometric amount of alkene by an unusual pathway for hydroamination. This process
constitutes a rare example of hydroamination of alkenes with ruthenium, and it is enabled
by a combination of a cationic metal center and a carefully designed aminopyridine as an
ammonia surrogate. This combination facilitates the deprotonation of the aminopyridine
coordinated to an electron-deficient ruthenium center, the migratory insertion of the alkene
into the strained four-member ruthenacycle, and the cooperative reduction of the imine
intermediate generated from B-hydrogen elimination to lead to an overall redox-neutral
addition process. This reaction proceeds with a variety of terminal alkenes to afford the
amine products under conditions with the alkene in stoichiometric quantities. A combination
of experimental and computational mechanistic studies reveals that this hydroamination
reaction occurs by turnover-limiting migratory insertion of the alkene into the Ru—N bond,
followed by B-hydride elimination to generate an enamine, tautomerization of the enamine
to an imine, and reduction of the imine by the hydridoruthenium aminopyridine complex
to generate the amine product. This pathway implies that an enantioselective process could
be developed if the step involving reduction of the imine intermediate can be rendered
enantioselective. Studies to achieve such a process by this mechanism are ongoing.
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a: 3'P NMR spectrum of Ru-1

J\io's ppm

b: 3'P NMR spectrum of the catalytic hydroamination with Ru-1

50.2 ppm

c: 3'P NMR spectrum of Ru-1 + 1-dodecene (20 equiv)

}\50.8 ppm

d: 3'P NMR spectrum of Ru-1 + 1b (20 equiv)

50.2 ppm

e: 3'P NMR spectrum of complex 30

ﬁ51.1 ppm

f: 3P NMR spectrum of the catalytic hydroamination with complex 30

50.2 ppm

g: 3'"P NMR spectrum of complex 30 + 1b (20 equiv)

50.2 ppm

60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38
f1 (ppm)

Figure 1.
(a) 3P NMR spectrum Ru-1. (b) 31P NMR spectrum of the catalytic hydroamination of

1-dodecene with Ru-1 as the catalyst. (c) 31P NMR spectrum of the mixture of Ru-1 and
1-dodecene (20 equiv). (d) 3P NMR spectrum of the mixture of Ru-1 and 1b (20 equiv). (e)
31p NMR spectrum of complex 30. (f) 31P NMR spectrum of the catalytic hydroamination
of 1-dodecene with complex 30 as the catalyst. (g) 3P NMR spectrum of the mixture of
complexes 30 and 1b (20 equiv). All of the above spectra were acquired at 80 °C.
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o Et,P” N

Figure 2.
(a) Synthesis of complex 29. (b) Synthesis of complex 30. (c) Solid-state structure of

complex 29 with ellipsoids set at 30% and selected hydrogen atoms and free triflimide anion
omitted for clarity. (d) Solid-state structure of complex 30 with ellipsoids set at 30% and
selected hydrogen atoms and free triflimide anion omitted for clarity.
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Figure 3.

31p NMR spectra of the mixture of complexes 30 and 1b (20 equiv) at different temperatures
and possible structures for complexes 31a and 31b.
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Figure 4.

(a) Initial rates of product formation as a function of [1b]. (b) Initial rates of product

Page 16

formation as a function of [vinylcyclohexane]. (c) Initial rates of product formation as a

function of [Ru-1]. (d) 1/initial rates of product formation as a function of [PEt3].
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Figure 5.

(a) Synthesis of the [Ru—H] intermediate 44. (b) Solid-state structure of complex 44 with
ellipsoids set at 30% and selected hydrogen atoms and free triflimide anion omitted for
clarity. (c) Catalytic imine hydrogenation with complex 30 in the presence of H,.
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Figure 6.
DFT computational studies on the ruthenium-catalyzed hydroamination of terminal alkenes.
Free energies in kcal/mol at 80 °C are provided in parentheses.

JAm Chem Soc. Author manuscript; available in PMC 2021 November 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maetal. Page 19

= ®

| PEty \—|
HN™ °N EtsPr,, | N R
NS T
R Et;P N
H 30
g
N \N hydrogenation

@
HN o~ | PEt; , \_|®
i U/ EtzPu,,, | N
EtSP"u,, | \‘\\\\N\ “RU. —

RIS 46 =1 SN 5
EtsP PEts3 R PEt; H
]
NS
HN™ N
36 ligand migratory,
R exchange insertion

N R
P Y ® H
HoN” N HN A~ | R N ®
1b H U ) \—I
Et3P//,,,“ | “‘\\\\N NS Et3P//,,," N

Ru Ru>
Et,P PEt

B-hydride
elimination

Figure 7.
Proposed catalytic cycle for the ruthenium-catalyzed hydroamination of terminal alkenes.
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A. Hydroamination of unactivated alkenes with large excess of alkene
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Scheme 1.
Catalytic Hydroamination of Unactivated Terminal Alkenes
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Possible Pathways for the Formation of the C-N Bond
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Two Hypotheses to Explain the Rate Inhibition by Additional PEt;3
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Scheme 6.
Hydroamination of 1-Dodecene in the Presence of Acetone
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Table 1.

Evaluation of the Conditions for the Hydroamination of 1-Dodecene with 1a°

=
- | Ru-1 (2 mol%) S
HN™ °N
s - 1.2-DCB, 80 °C, 48h \‘M’K
1 equiv & 5
1a 2a
Ru-1: Ru(PEtz)sNTf; Ru-5: Ru(Et;P(CHz)4PEL;)NTF,
Ru-2: Ru(P"Pr3)NTf, Ru-6: Ru(N(CH,PEt,)5)NTf,
Ru-3: Ru(PMePh,)sNTf, Ru-7: [Ruy(PEts)g(OTf)(OTH)
Ru-4: Ru(PMe;)sNTf, Ru-8: [Ru,(PEts)s(C1)3ICI
entry conditions i b
yield (%)
1 standard 67%
2 Ru-2 as catalyst 43%
3 Ru-3 as catalyst 18%
4 Ru-4 as catalyst <1%
5 Ru-5 as catalyst <1%
6 Ru-6 as catalyst <1%
7 Ru-7 as catalyst 62%
8 Ru-8 as catalyst <1%
9 1,2-DCE as solvent <1%
10 toluene as solvent 29%
11 PhClI as solvent 48%
12 CH3CN as solvent <1%
13 THF as solvent 56%
14 dioxane as solvent 61%
15 Ru-1 (2 mol %) 45%
16 no Ru-1 <1%
17 HNTf, (5 mol %) <1%

aStandard condition: 1-dodecene (0.2 mmol), Ru-1 (0.01 mmol), 1a (0.2 mmol), 1,2-DCB (50 L), 80 °C, 48 h.

b . . ’ ] . .
Determined by Iy NMR spectroscopy of the crude reaction mixture with 1,3,5-trimethoxybenzene as the internal standard.
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Table 2.

Scope of Unconjugated Alkenes and 2-Aminopyridines for Catalytic Hydroaminationa'b'c’d

= Py
i /I:T Ru (5mol%) ljl\
HN N 1,2-DCB, 80 °C, 48h s
1 equiv (or as shown)
\(\%\ \Mg)\ S
2a, 62%, 93%°  3a, 63% 4a, 66% 5a, 52% 5
_Py HN Y
Py HN
] HN/PY )?\(\:/I\L Ph7(\)\
Et,N A OH
6a, 56% 7a, 66% 8a, 42% 1:1dr° 9a, 61% 1.5:1 dr?¢
. e, f
o 83% 1:1 dr® o HN,F’y
HN”
- 0" ™,

(1)

§ 12a, 34% 1:1 dr?
65% 1:1 dré-ef

@)
P DA O

HN™ °N HN™ N HN
13a, 62% 14a, 68% 15a, 41%"”

\Q 4

| o~
P HN™ °N
HN™ °N : 1
\(\/);J\
16a, 47%", 90%"€ 17a, 63%2°¢

alsolated yields.

blOO °C.
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“Ru-1 10 mol %.
dRu—l 15 mol %.
e .

2 equiv of alkene.

fan.
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Table 3.

Scope of Vinylarenes for Catalytic Hydroaminationa'b

Page 29

/ -
Ru-1 (10 mol%) HN
R+ - | .
HNT SN 1,2-DCB, 100 °C, 48h R,K
1 equiv (or as shown)

Py

18a, Ry = H, 62%, 95%°

= 19a, R4 = Me, 59%
| 20a, R, = F, 57%"

>~

HN 21a, R, = OMe, 61%
22a, R4 = CF3, 60%”

23a, Ry = Cl, 49%"
R 24a, R, = Br, 46%”
_P
HN Y
98

P
AN Y

26a, 66% 27a, 65%

: i 25a, 40%”
H
@/N\
F'e
-

28a, 61%”?

alsolated yields.
blOO °C.

62 equiv of alkene.
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Table 4.

Hydroamination of Vinylcyclohexane with 1b-0§a

Hy
Ha (7
= [ = Ru-1 (10 mol%) s
e 1,2-DCB, 80°C DAL
N ND2 Hg

1b-dj (80% D) 17a-d,

reaction time (h) 94D at the H, position® %D at the H,, position®

24 29% 29%
36 31% 32%
48 29% 28%

a, .. .
%D incorporation = moles of D atoms/moles of product.
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